The maintenance of sexual reproduction in natural populations is a pressing question for evolutionary biologists [1, 2] . Under the ''Red Queen'' hypothesis, coevolving parasites reduce the reproductive advantage of asexual reproduction by adapting to infect clonal genotypes after they become locally common [3] [4] [5] [6] . In addition, the ''geographic mosaic'' theory of coevolution proposes that structured populations of interacting species can produce selection mosaics manifested as coevolutionary ''hot spots'' and ''cold spots'' [7] . Here, we tested whether a steep, habitatspecific cline in the frequency of sexual reproduction in a freshwater snail could be explained by the existence of hot spots and cold spots for coevolving parasites. We found that the shallow-water margins of lakes, where sexual reproduction is most common, are coevolutionary hot spots, and that deeper habitats are cold spots. These results are consistent with the geographic mosaic theory, in that the intensity of selection resulting from biological interactions can vary sharply in space. The results also support the Red Queen hypothesis, in that sex is associated with coevolutionary hot spots for virulent parasites.
Results and Discussion
Because asexual lineages have higher per capita rates of reproduction than sexual lineages, asexual organisms should rapidly replace sexual conspecifics in mixed populations unless there are countervailing ecological or genetic factors that greatly erode the reproductive advantage of asexual reproduction [1, 2] . Presently, the reasons for the persistence of outcrossing in cases where sexual individuals face competition with asexual clones remain hotly debated. One possibility for the long-term maintenance of sexual individuals is that the genetically diverse offspring produced by sexual females are more difficult targets for coevolving parasites than common, genetically homogenous asexual genotypes [3] [4] [5] [6] . This idea, known as the ''Red Queen'' hypothesis [3] , relies on rapid evolution by virulent parasites to infect clones as they become locally common. In addition, under the ''geographic mosaic'' theory of coevolution [7] , the intensity of selection resulting from interspecific interactions can vary in space, even over small spatial scales [8] [9] [10] [11] [12] [13] . This leads to the expectation under the Red Queen hypothesis that sexual reproduction should be associated with coevolutionary ''hot spots,'' and asexual reproduction with coevolutionary ''cold spots.'' We tested this idea with the freshwater snail Potamopyrgus antipodarum.
The prosobranch snail Potamopyrgus antipodarum is a valuable organism for scrutinizing the different ecological and genetic theories for the maintenance of sexual reproduction. This snail is common in freshwater habitats throughout New Zealand, wherein populations are composed of either obligately asexual females or a mixture of obligately sexual and obligately asexual forms [14, 15] . In a well-studied population of these snails (Lake Alexandrina, South Island, New Zealand), a common trematode parasite (Microphallus sp.) was found to have a higher infection rate in shallow-water snails, which are more likely to be sexual [16, 17] . The parasites were also more infective to host snails from shallow water than they were to clonal snails in deep water [18] . One possible explanation, tested here, is that sex is favored in the shallow water because the shallow-water habitat is a coevolutionary hot spot. This hypothesis is based on the foraging behavior of waterfowl, which serve as the definitive host in the parasite's life cycle. Because the parasite larvae must be ingested by ducks to complete their life cycle and because ducks do not forage in deep habitats, parasite recycling and reciprocal selection (hot spots) might be confined to shallow-water habitats [18] (Figure 1 ). This prediction concurs with theoretical predictions on the effects of host and parasite gene flow on geographic mosaic models [19, 20] . An alternative explanation for the pattern is that sexual and/or shallow-water snails are inherently more susceptible to infection [21, 22] . Here, we contrast this explanation with the ''coevolutionary hot-spot'' hypothesis. The hot-spot hypothesis predicts that, although shallow-and deep-water snails might differ in susceptibility to sympatric parasites, they should not differ in their susceptibility to allopatric, noncoevolving parasites. In contrast, the inherent-susceptibility hypothesis predicts that shallow-water snails will be more susceptible to parasites, independent of whether the parasites are drawn from sympatric or allopatric populations.
We exposed snails from shallow and deep habitats in two lakes (Lake Alexandrina and Lake Kaniere, South Island, New Zealand) to three sources of Microphallus sp. parasite (Lake Alexandrina, Lake Kaniere, and Lake Poerua, South Island, New Zealand) collected from the natural, definitive avian hosts in the field. Two parasite sources were allopatric and one sympatric to each snail population. We chose these populations because they have a shallow-deep cline in male frequency ( Figure 2 ) and parasite infection. Male frequency is strongly positively correlated with the frequency of diploid, sexual individuals [23] .
The results were consistent with the coevolutionary hot-spot hypothesis. Sympatric parasites were significantly more infectious to shallow-water snails than to deep-water snails (Table 1;  Table 2 ; Figures 3A and 3B ), suggesting that parasites are locally adapted to host subpopulations within a lake (i.e., at hot spots). In contrast, shallow-and deep-water snails within the same lake were equally susceptible to allopatric infection (Table 2 ; Figure 3) , thereby falsifying the alternative explanation *Correspondence: kingkc@indiana.edu that the mixed population in shallow water is inherently more susceptible to infection. Interestingly, infection frequencies of sympatric parasites on deep-water snails and allopatric snails were comparable (Table 2 ). This result suggests that deepwater snails are just as ''foreign'' to sympatric parasites as allopatric snails and that snail resistance is structured among habitats, with little migration between habitats. Finally, by comparing the infection frequencies for shallow-water snails between lakes, we also found parasite local adaptation on a larger geographic scale (Table 2) , consistent with previous results [24] .
In summary, our results confirm that shallow-water habitats are coevolutionary hot spots in two different lake populations of a freshwater snail. The results also show that the transition from a hot spot in shallow water to a cold spot in deeper water can occur on the scale of meters in contiguous host populations. Ultimately, sexual reproduction in the snail is more common in the shallow-water hot spots, which is consistent with the Red Queen hypothesis.
Experimental Procedures
Host-Parasite System Potamopyrgus antipodarum is the first intermediate host for over a dozen species of digenetic trematodes, of which Microphallus sp. is the most common parasite in lake habitats. This parasite produces encysted larvae (i.e., metacercariae) in the snail host after three months under laboratory conditions, and the snails become sterile. The parasite develops to the hermaphroditic adult stage after ingestion by the definitive host (waterfowl and wading birds) and produces eggs within several days. These eggs are then passed into the environment with bird feces, and snails are exposed to infection after ingesting the eggs.
Interpopulation genetic analysis of Microphallus has shown that populations of this parasite are from a single species [25] .
Experimental Infections
We collected snails from two habitat types (shallow and deep water) at Lake Alexandrina and Lake Kaniere. Both lakes are mesotrophic, clear-water lakes in which Potamopyrgus populations are composed of sexual and asexual individuals. Shallow-water habitat type was sampled from two different sites in each lake primarily from willow roots, moss, and rocks (0-1 m depth). Deep-water habitat was sampled from seven sites at Lake Alexandrina and one site at Lake Kaniere from macrophytes (mainly Elodea canadensis) and fine sand (4-7 m depth). Parasites were collected directly from the feces of avian final hosts along the margin of Lake Alexandrina, Lake Kaniere, and Lake Poerua. A previous experimental test for a coevolutionary hot spot in Lake Alexandrina found that inherent susceptibility of mixed populations could not be excluded as an explanation for the relationship between male frequency and parasite infection [22] . However, the previous experiment included snails from only one site and used a substitute final host (mice) to collect parasites. In the present experiment, we used parasites from the natural vector and collected snail sources from multiple sites within each habitat from two lakes. Thus, we were able to include a wider variety of host and parasite genotypes and eliminate any site-specific effects, capturing a more realistic picture of coevolutionary outcomes among natural habitats.
Experimental exposure of Potamopyrgus snails to parasites was conducted at the Edward Percival Field Station (University of Canterbury) in Kaikoura, New Zealand in January 2009. For each parasite treatment, we set up five replicate containers (1 l water) of 70 snails from each host source. In addition to the three parasite treatments, we exposed snails (three ''Shallow'' (red) and ''deep'' (blue) refer to corresponding depth-specific habitat zones of Lake Alexandrina and Lake Kaniere. Vertical bars indicate 61 standard error of the mean (SEM). Shallow habitats had a significantly higher frequency of males than deep habitats within Lake Alexandrina (t 34 = 15.450, p < 0.001) and Lake Kaniere (t 34 = 2.811, p = 0.008). *p % 0.001. ''A'' represents Lake Alexandrina hosts; ''K'' represents Lake Kaniere hosts. n = 5 for each parasite-host combination.
replicates) to control bird feces from Lake Poerua, which were boiled to kill any parasites. Parasite eggs were obtained by repeatedly washing the feces with water for several days and then filtering the mixture through 1 mm mesh. Parasite eggs from each source population were divided equally among the replicate snail containers within each parasite treatment, and snails were exposed for 12 days; the water was changed daily. The snails were then transported to Indiana University, where they were fed on Spirulina, and the water was changed regularly. Ninety days postexposure, we dissected all snails and recorded their sex (male or female), infection status, and parasite developmental stage (early germinal balls develop into blastocercariae, which then develop into metacercariae). We limited our analyses to laboratory-infected snails (early-stage infections). We are able to discern laboratory infections from field infections in that the latter are generally mature metacercariae.
Data Analyses
Our statistical analysis regarding male frequency was conducted with SPSS 16.0 on untransformed data, where the dependent variable was male frequency for the 18 replicates of each host source. t tests were performed on male frequencies between shallow-and deep-water habitats within the same lake ( Figure 2 ). Our statistical analyses regarding experimental infection were performed on arcsine-transformed infection frequencies to homogenize variances among replicates (Levene's test, F 11,48 = 0.937, p = 0.514). The control treatments did not yield early-stage infections, and these data were thus omitted from analyses. Means and standard errors of the mean of experimental infection frequencies are presented in Table 1 and Figure 3 . We used standard factorial analyses of variance (ANOVAs) to test for differences in infection frequency among treatment groups. Host and parasite source were treated as fixed factors (Table 2 ). Because we used natural parasite sources, we were unable to control for parasite dose. Thus, we could only statistically compare infection frequencies among host sources within parasite treatments. Orthogonal contrasts were used to compare the infection frequencies across habitats within each parasite source (Table 2; Figure 3) . As an alternative analysis of the same data, we fitted a generalized linear mixed model (GLMM) with a logit link function and binomial errors applying the ''glmer'' function available in the R statistical package. In this model, the error degrees of freedom were defined by number of individual snails, and replicates where snails were held were included as a nested random term. Between these two alternative analyses, the main interaction term between the fixed factors remained statistically significant, and the GLMM analysis gave qualitatively the same results as the factorial ANOVA (c 2 = 56.02, df = 6, p < 0.001). 
